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ABSTRACT

CATASTROPHIC LANDSCAPE MODIFICATION FROM MASSIVE LANDSLIDE
TSUNAMIS: AN EXAMPLE FROM TAAN FIORD, ALASKA
by
Colin Kretz Bloom
May 2017
The October 17th 2015 Taan landslide and tsunami generated a high runup of 192
m, nearly an order of magnitude greater than most previously surveyed tsunamis.
Extensive modifications observed and documented on several low gradient fan deltas
within the fiord make Taan Fiord an excellent laboratory for characterizing geomorphic
signatures of a high runup tsunami event. Although interest in this topic is high, most
prior post-tsunami surveys are from earthquake-generated tsunamis with relatively low
runup, thus the geomorphic signatures of high runup tsunamis or their potential for
preservation are uncharacterized. Additionally, clear modifications described during posttsunami surveys are typically ephemeral and unlikely to be preserved. Geomorphic
changes to Taan’s fan deltas included complete vegetation loss over more than 0.6 km2 of
fan surfaces, formation of steep fan front scarps up to 7 m high, extensive local
alterations of fan topography, and formation of new tsunami retreat channels. Two
relatively stable fan deltas in Taan Fiord were heavily vegetated prior to the Taan event
and may preserve features of tsunami modification for decades to centuries. If this is the
case, fan deltas may be a previously unrecognized location for preservation of tsunami
signatures on the decadal scale. As such, fans in poorly monitored regions, such as
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Greenland, could hold evidence of previously unidentified recent high runup events.
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CHAPTER I
INTRODUCTION

A large landslide triggered seismically derived landslide detection software on
October 17th, 2015 in the vicinity of Icy Bay, Alaska (Higman et al., 2017, in review).
Satellite imagery tasked several days later, revealed a massive landslide adjacent to the
Tyndall Glacier at the head of Taan Fiord, an arm of Icy Bay. Fallen trees and scoured
sediment visible in the satellite imagery indicated that the landslide entered the water
quickly and induced a tsunami with runup greater than 150 m. The quick detection of the
event and the absence of any associated earthquake subsidence and ground shaking made
Taan Fiord an excellent laboratory for investigating a high runup tsunami event. During
spring and summer 2016, an interdisciplinary group of scientists travelled to Taan Fiord
to conduct a post tsunami survey focused on documenting the depositional and
geomorphic traces of the October 2015 events. Further work was conducted using preand post-event remote sensing data to characterize tsunami modification in Taan Fiord.
The focus of this study is to define characteristic geomorphic features of high
runup tsunamis expressed on low gradient fan deltas using observations made following
the landslide and tsunami in Taan Fiord. Lasting surface evidence of large runup
tsunamis has yet to be extensively defined and fan deltas around the globe may serve as
an excellent, but previously unrecognized, environment for preservation of tsunami
traces. The primary modifications observed in Taan Fiord are vegetation loss, steepened
fan and delta fronts, local changes in topography, and the creation of tsunami retreat
channels.
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CHAPTER II
LITERATURE REVIEW

Landslides in the Glacial Environment
The glacially carved walls of fiords are particularly susceptible to slope failure. In
some cases, landslides occur in or around water and, if they occur quickly, can generate
displacement waves or tsunamis. The Taan event resulted from a subaerial landslide but
tsunamis in other fiords have also been attributed to submarine delta front failures and
other steep-slope submarine failures (Gonzales et al., 2003). Similar subaerial landslide
tsunami events to Taan have been observed in Lituya Bay, Alaska; Vaigat, West
Greenland; and Aysen Fiord in the Chilean Patagonia (Miller, 1960; Grantz et al., 1964;
Naranjo et al., 2009; Sepúlveda et al., 2010; Haeussler et al., 2014; Parsons et al., 2014).
First-hand and modeled accounts of these events record an initial surge of water that
radiated from the landslide devastating vegetation. Long lasting reflection and refraction
of water in the fiord occurred following the initial wave continually inundating low-lying
areas (Miller, 1960; Mader and Gittings, 2002; Naranjo et al., 2009; Longvva et al.,
2013). Historically, tsunamis generated by the highest runup events have occurred in
areas with limited human settlement moderating the amount of damage, but deadly and
costly landslide tsunamis have occurred in fiords around the world (Miller, 1960; Grantz
et al., 1964; Naranjo et al., 2009; Sepúlveda et al., 2010; Haeussler et al., 2014; Parsons
et al., 2014).
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Taan Fiord
According to coastal explorers, a massive ice sheet filled present day Icy Bay at
the beginning of the twentieth century (Molnia, 1986; Meigs et al., 2006); subsequently,
that ice has retreated, leaving Icy Bay open to the Gulf of Alaska (Porter, 1989; Meigs
and Sauber, 2000; Meigs et al., 2006). By 1960, the Tyndall Glacier, descending from the
peak of Mt. St. Elias to Icy Bay, was isolated at the mouth of present day Taan Fiord, one
of the four arms of Icy Bay (Porter, 1989; Meigs et al., 2006). Following 1960, the
Tyndall glacier retreated over 10 km in three stages. Between 1960 and 1969, the glacier
retreated ~ 6 km up the fiord from the mouth of Taan Fiord and another ~2 km between
1969 and 1983, reaching its present position between 1983 and 1992 based on Landsat
imagery (Meigs et al., 2006). Since 1996, the glacier has retreated and advanced slightly,
maintaining its relative position while in a transition between grounded and tidewater
(pers. comm. Molnia; Higman et al., 2017, in prep.). As of August 2016, the glacier only
met the sea at extreme high tide.
As the Tyndall glacier quickly retreated up Taan Fiord, base level dropped ~390
m in fifty years (Meigs et al., 2006). Several glacial and fluvial tributary valleys flow into
Taan Fiord but prior to deglaciation, these valleys were impounded by glacial ice
resulting in sediment storage within the valleys. Following the retreat of the Tyndall
glacier, stored sediment was flushed from these narrow tributary valleys into the wider
Taan Fiord, forming alluvial fans that are continuous into the water (Meigs et al., 2006).
These fan features are termed fan deltas as the subaerial extent forms a fan and the
submarine extent forms a delta. Following initial creation of the fan deltas in Taan Fiord,
lack of available upstream sediment led to the relative stability of several of these fans.
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During periods of relative stability, vegetation often takes root on the above water
portion of fan deltas. The initial stage of vegetation, consisting of algae, lichen, willow
and cottonwood growth, occurs within the first ~20 years after deglaciation in Coastal
Southeast Alaska. The next vegetation stage follows at ~30 years with persistent willow,
cottonwood, alder, and spruce (Chapin et al., 1994).
Growth of cottonwood and alder on the stable fans in Taan Fiord suggest at least
20 years of stability prior to the Taan event. Assuming a continued stability following the
Taan landslide and tsunami, these fan deltas should serve as excellent locations for
preservation of tsunami traces. To that end, the following chapter is an in-depth
examination of four major modifications observed in Taan Fiord following the landslide
and tsunami and their potential to be preserved on fan deltas.
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CHAPTER III
JOURNAL ARTICLE
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Catastrophic landscape modification from massive landslide tsunamis; an example from
Taan Fiord, Alaska
Colin Bloom, Breanyn MacInnes, Bretwood Higman, Dan Shugar, Jeremy Venditti, and Bruce
Richmond
Intended submission to Geosphere

INTRODUCTION
In recent years, interest has grown in identifying geomorphic features of tsunamis
on coastlines, in part, an effort to expedite paleotsunami investigations and identify past
events without extensive field surveying (Andrade, 1992; Dawson, 1994; Shi et al., 1995;
Bryant et al., 1996; Felton and Crook, 2003; Gelfenbaum and Jaffe, 2003; Scheffers and
Kelletat, 2003; Goff et al., 2009; Paris et al., 2009; Komatsu et al., 2014). Initial work to
identify geomorphic evidence of paleotsunamis revealed a number of features including
dune pedestals, hummocky topography, and scour fans that potentially record tsunami
events (Goff et al., 2009), however, these features could also be formed by other coastal
processes and directly defining a tsunami source often requires greater context and
supporting sedimentary evidence (Scheffers and Kelletat, 2003; Goff et al., 2009). In
modern events, post tsunami surveys from relatively low runup earthquake-generated
tsunamis identify erosional features including beach retreat, surface scours, and small
scarps that are characteristic of tsunami inundation but are ephemeral features in the
coastal landscape (Gelfenbaum and Jaffe, 2003; MacInnes et al., 2009a; Paris et al., 2009;
Komatsu et al., 2014; Hayakawa et al., 2015). Large runup tsunamis, typically caused by
landslides, are observed less often globally than earthquake tsunamis, and as such, studies
of these and other high runup tsunami events (e.g. Miller, 1960; Grantz et al., 1964;
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Naranjo et al., 2009; Sepúlveda et al., 2010; Haeussler et al., 2014; Parsons et al., 2014)
are largely missing from attempts to define a paradigm for a tsunami’s impact on a
coastline. Geomorphic signatures associated with high runup tsunami events have yet to
be extensively defined but, due to their scale, may have more potential to be preserved.
The absence of information on the geomorphology of high runup tsunamis,
particularly as they apply to fiordlands, is likely due to the previous lack of highresolution remotely sensed data and difficulty of conducting field surveys in extremely
remote and secluded areas. This same seclusion, however, makes fiords increasingly
desirable destinations for tourism and exploration and a significant increase in population
and infrastructure in proximity to water and steep topography makes understanding the
risk and impact of landslide tsunami events more critical than ever particularly within the
rapidly changing glacial environment.
The massive October 17th 2015 landslide in Taan Fiord, an arm of Icy Bay
Alaska, induced a tsunami with maximum runup of 192 m (Higman et al., 2017, in prep.).
The quick detection of this event and the absence of any associated earthquake
subsidence and ground shaking make Taan Fiord an excellent laboratory for investigating
characteristic geomorphic features generated by a high runup tsunami in a wholly
unaltered environment.
The goal of this paper is to identify geomorphic features that, if preserved, may
allow for quicker identification of past tsunamis around the globe. In particular, we focus
on documenting major geomorphic changes observed on relatively gently sloping fan
deltas in Taan Fiord following the Taan landslide and resultant tsunami, hereafter
referred to as the “Taan event.” The lower relief fan deltas are the most comparable with
7

previous studies of tsunamis and paleotsunamis worldwide and fans may serve as a novel
setting to preserve evidence of high runup tsunamis elsewhere. Observed modification in
Taan Fiord includes (1) vegetation loss, (2) steepening of fan and delta fronts, (3) local
changes in fan topography, and (4) formation of tsunami retreat channels.
BACKGROUND
Geomorphic Changes from Tsunamis
Geomorphic changes to the landscape during well studied earthquake-induced
tsunami inundation stems from three forms of overland flow (sheet, eddy, and
channelized flows). The dominant style of flow depends on topography and stage of
inundation (Konno et al., 1961; Umitsu et al., 2007). Tsunami inflow generally behaves
as a sheet flow, particularly in areas with flat-lying or low topography, and both erodes
sediment and generally deposits fine sand to boulders (Moore et al., 2007; Morton et al.,
2007; MacInnes et al., 2009a; Paris et al., 2009; Paris et al., 2010; Yamada et al., 2014)
as a fining inland sheet like layer (Dawson and Shi, 2000). The capacity of the tsunami to
move sediment up to boulders in size (Yamada et al., 2014) is dependent on wave
velocity and depth (Gelfenbaum and Jaffe, 2003; Moore et al., 2007). Tsunami outflow
typically behaves as channelized or eddy flows that utilize and modify pre-existing
topography (Konno et al., 1961; MacInnes et al., 2009b). It is assumed that high runup
tsunamis like the Taan event experience similar flow dynamics. The resulting topography
following earthquake-generated tsunamis, which typically exhibit relatively low-runup,
often mirrors the pre-existing land surface, with minor ephemeral modification or subtle
changes that are not a readily identifiable characteristic of the tsunami event. As a result,
very little is known about lasting geomorphic signatures of paleotsunamis despite efforts
8

to identify definitive evidence of these features (Scheffers and Kelletat, 2003; Goff et al.,
2009).
In contrast, high runup tsunami events appear to produce more substantial
modifications that may have longer preservation potential. Geomorphic and other surface
signatures have been recorded decades after several high-runup landslide tsunami events.
Most notably, extensive contrasts between pre-event and post event vegetation were
documented following the 1958 Lituya Bay landslide tsunami which generated a high
runup of over 500 m (Miller, 1960). Evidence of this vegetation loss is still apparent
today in aerial imagery of the fiord where younger, post-tsunami, vegetation contrasts
with older growth beyond the limit of inundation. Furthermore, studies of a 1967
landslide tsunami event adjacent to the Grewingk Glacier in the Kenai Mountains of
Alaska revealed runups as high as 60 m based on vegetation loss (Wiles and Calkin,
1992). Over twenty years after the Grewingk event, uprooted trees, a long coarse gravel
berm, barchanoid dunes, and scours around large boulders remained as clear evidence of
the tsunami.
The Oct 17th 2015 Taan Fiord Landslide Tsunami
The subaerial Taan Fiord landslide tsunami generated high runup over much of
Taan Fiord as it propagated to the south away from its source near the head of the fiord
(Higman et al., 2017, in review; Figure 1). Tsunami dynamics in Taan Fiord included an
initial large surge of water followed by reflections and refractions that appear similar to
previously identified subaerial landslide tsunami events in Lituya Bay, Alaska; Vaigat,
West Greenland; and Aysen Fiord in the Chilean Patagonia (Miller, 1960; Grantz et al.,
1964; Mader and Gittings, 2002; Naranjo et al., 2009; Sepúlveda et al., 2010; Longvva et
9

Figure 1. Overview of Taan Fiord. Inset showing location of Taan Fiord, Alaska in Wrangell St. Elias National
Park. Taan Fiord is about 100 km from the nearest town of 800 people, Yakutat, AK. Landsat 8 image of Taan
Fiord acquired in 2016. Vegetation loss is clear near the water line. The dashed red line indicates the extent of
the landslide and runout. Approximately 90% of the landslide entered the fiord generating a tsunami. The other
~10% of slide material ran out on the Tyndall Glacier.

al., 2013; Haeussler et al., 2014; Parsons et al., 2014). Near the landslide, maximum
runup values were recorded up to 192 m above sea level (Higman et al. 2017, in prep.).
Further down and near the middle of the fiord, runup values decreased but were still over
50 m, far greater than most earthquake-generated tsunamis which are rarely larger than
15 m (Goff et al., 2007). Near the mouth of Taan Fiord, runup values appear similar to
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values generated by large earthquake-generated tsunamis. For the purpose of this work,
runup values greater than those observed from large earthquake tsunamis can be
considered “high runup” but there is no previously defined definition of the term nor is an
attempt made to define one here.
Fan Deltas in Taan Fiord
The low-lying fan deltas in Taan Fiord provide a location for studying tsunamiinduced geomorphic change that can be compared to coastal landscapes beyond the fiord.
A fan delta is an alluvial fan adjacent to a standing body of water with a surface that is
continuous from the subaerial highland into a submarine delta. (McPherson et al., 1987;
Postma, 1990). The subaerial landmass is referred to as the fan and the submarine portion
as the delta (Postma, 1990). Fan delta surface morphology is created by sheet flow,
channelized flow, and debris flows (Parker et al., 1998). The fan deltas in Taan Fiord
were formed by glacial and fluvial tributaries flowing into Taan Fiord following a ~16
km retreat of the Tyndall Glacier from Icy Bay to its present location between 1960 and
1992 (Porter, 1989; Meigs et al., 2006).
The fans on the steeper western side of Taan Fiord are derived from deep
sediment-starved bedrock channels resulting in small fans, with the exception of the West
Fan (Figure 1). Four major fan deltas on the eastern side of Taan Fiord (Hoof Hill, South,
1983, and 1969 fans) and the West Fan source basins with stored fluvial sediment (Meigs
et al., 2006). The Hoof Hill River forms the Hoof Hill Fan, directly adjacent to the
Tyndall Glacier (Figure 1); this fan is the most prominent non-glacial source of sediment
in upper Taan Fiord (Meets et al. 2006). Active fan deltas also coincide with the extents
of the 1969 and 1983 Tyndall glacier (Figure 1). Flows on the 1969 fan generally travel
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down-fiord (south). The bedrock canyon that feeds the 1983 fan is set back several
hundred meters from a protruding island of bedrock within the fiord proper. Initially, the
1983 fan delta flowed south around the bedrock island covering a large portion of
stranded glacial ice (Figure 2). As the Tyndall Glacier retreated, the southern side was
abandoned in favor of the present fan delta, where water flows north between the bedrock
island and the steep eastern valley wall.

Figure 2. 1983 Tyndall Glacier Extent. Aerial image of Taan Fiord captured in July of 1983 (Acquired from the
USGS Earth Explorer Tool) Glacial ice sits in the present location of the 1983 Fan. In this image, the river
feeding the 1983 Fan is flowing to the south of the bedrock hill forming the original fan delta. As ice retreated
further, the river switched course to the north and started creating the 1983 fan in its present position.

Satellite images show that, prior to the Taan event, significant vegetation grew on
and around the West, Inactive 1983, and Hoof Hill fans. During periods of relative
stability, pioneering flora takes root; in coastal Southeast Alaska this consists of algae,
lichen, willow and cottonwood within the first ~20 years after deglaciation. After ~30
years, vegetation becomes persistent willow, cottonwood, Sitka alder, and spruce (Chapin
et al., 1994). During periods of increased flow or increased sediment load in streams on
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the fan delta, channels can fill with sediment and avulse but flows typically reoccupy
previous abandoned channels on vegetated fans and thus leave much of the fan surface
and vegetation largely unaltered for long periods (Parker et al., 1998; Reitz et al., 2010).
METHODS
Identification and characterization of the major geomorphic changes from the
Taan event was primarily accomplished using a database of aerial imagery and remote
sensing data over Taan Fiord from before and after the Taan event. Unless otherwise
noted, all image analysis was conducted using ESRI ArcGIS. Analyses of satellite images
and elevation data sets were ground-truthed and augmented by field surveys during the
spring and summer of 2016. During these surveys, photographs and laser range finder
measurements were taken to verify remotely sensed elevation, and surface features were
examined to determine provenance.
Cloud-free imagery from the Landsat satellite series (30 m/pixel), particularly
suited to detecting vegetation, and historical aerial imagery were acquired from the
United States Geological Survey Earth Explorer tool. IfSAR digital elevation data (5
m/pixel) from 2012 was acquired from the State of Alaska Elevation Data Sets in Alaska
tool. The National Science Foundation (NSF) acquired worldview satellite data (50 cm
/pixel) from 2014. Immediately following the Taan event, NSF also collected GeoEye
satellite imagery (50 cm/pixel). ArcticDEM digital elevation data (2 m/pixel) from
February 2014 and 2016 were downloaded from the Arctic DEM web browser. Structurefrom-Motion (SfM) photographic surveys were flown over Taan Fiord during the
summer of 2016 and processed using Agisoft Photoscan Pro. Lidar was also acquired
within days of the SfM. The resulting mosaics and DEM’s of Taan Fiord from the SfM
13

and lidar flights have centimeter-scale resolution.
Vegetation Mapping
To quantify vegetation loss in Taan Fiord, a Normalized Difference Vegetation
Index (NDVI) was produced for each fan delta using springtime Landsat 8 images from
May 2016 and May 2015. NDVIs are a statistical proxy for greenness making them ideal
for identifying vegetation. The NDVIs before and after the Taan event were classified
into binary images with areas of vegetation and areas of no vegetation and then
differenced (Figure 3). Outlines of the fans were then used to clip these binary images to
estimate the area and proportion of vegetation loss on the fans following the Taan event
(Figure 3). The vegetation was also mapped by hand in an orthomosaic Worldview image
from 2014 and an aerial SfM image from the summer 2016.

Figure 3. Vegetation Mapping Process. Normalized difference vegetation indices were produced for the fans in
Taan Fiord using springtime 2015 and 2016 Landsat 8 Images. These images were manually classified into a
vegetation binary and differenced to produce a vegetation loss map for Taan Fiord. Outlines of the Taan fans were
used to estimate the area of vegetation loss on the fans.
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Fan Front Mapping
To observe changes in land area, the transition from fan to delta at the high tide
line was mapped by hand using high-resolution visible imagery and automatically before
and after the Taan event using Landsat 8 data. The multispectral bands of Landsat make it
possible to classify different surface types automatically. Using a supervised
classification, each Landsat scene was converted to a binary image with water as one
value and land as the other. Sufficient training sites were delineated to capture the
variations in the turbid water and land. The final binary images from before and after the
Taan event were differenced and manually screened to determine areas of land loss
(Figure 4). The shoreline was also mapped by hand from an orthomosaic Worldview
image from before the landslide and an aerial SfM image after the Taan event and
differenced to estimate change manually.

Figure 4. Land Area Mapping Process. Springtime Landsat 8 Images from 2015 (Before the Taan Event) and 2016
(After the Taan Event) were classified into ‘Land’ (Tan) and ‘Water’ (Blue) classes. The difference of these images
was taken and then manually edited to estimate land loss in Taan Fiord.

A laser range finder was used to estimate the height of the steep fan edges of the
South Fan from the water level. Furthermore, eight profiles were produced for the Hoof
Hill Fan and six profiles were produced for the South fan using the IfSAR DEM from
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2012 and the SfM DEM from 2016. Extreme local variation between ellipsoid and geoid
referencing close to Mount St. Elias resulted in a non-uniform elevation difference
between the SfM DEM, collected using an ellipsoid referencing, and the IfSAR DEM,
collected using geoid referencing. For the purpose of this work, the difference between
data sets was resolved by subtracting an arbitrary estimate of the water elevation
nearshore from the entire fan area.
Changes in Topography and Channels
Direct differencing maps were prepared for each fan following the Taan event
using ArcticDEM elevation data and lidar. Following the subtraction of an arbitrary
equalizing value as described for the fan front mapping, elevation was differenced to
identify areas of surface change.
Channel direction and accumulation statistics that compare pixels within a DEM
were calculated using the ArcticDEM and the aerial SfM to determine the accumulation
of water. These statistics were used to produce stream order maps. Stream order greater
than six for the ArcticDEM before the Taan event and the SfM after the Taan event were
dissolved into final stream path maps to reduce complexity in visual analysis. To
determine channel sinuosity, straight lines were measured from end to end of each
channel segment and totaled. Actual channel segment length was divided by the total
straight-line distance to produce a normalized average sinuosity for each fan. Channel
width and depth was determined using longitudinal topographic profiles over the active
channel portion of the Hoof Hill fan before and after the Taan event using the
ArcticDEM and SfM data.
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RESULTS AND DISCUSSION
Vegetation
Before October 2015, portions of the Hoof Hill fan, the inactive 1983 fan, and the
West fan were heavily vegetated with willow, cottonwood, and alder (Figure 1). Based on
ice retreat and vegetation growth rates, the vegetated portions of all fans in Taan Fiord
must have been stable for a minimum of 20 years. The abandoned 1983 and West fans
consisted of heavily thicketed alder prior to October 2015, indicative of even longer
stability.
Significant vegetation loss was observed in comparative imagery before and after
the Taan event in addition to fallen and still rooted trees (Figure 1). Virtually all
vegetation was uprooted from the Hoof Hill and inactive 1983 fans. Prior to the Taan
event, the Hoof Hill Fan was ~75% vegetated and the abandoned 1983 Fan was ~72%
vegetated down to high tide based on mapping of Worldview Imagery (Table 1).
Table 1. Vegetation Loss Statistics.

Fan
Hoof Hill Fan
South Fan
Active 1983
Fan
Abandoned
1983 Fan
1969 Fan
West Fan

Pre Event
Vegetation
(%)
76.2
4

Post Event
Vegetation
(%)
0
0

Landsat 8
Veg. Loss
(m2)
296676
16527

Worldview/SfM Veg.
Loss (m2)
280371
2277

21

0

114284

80858

72
9.3
88

0
3
20

207307
79883
107026

190666
24348
102943

Following the Taan event, no rooted vegetation remained on the lower reaches of
the Hoof Hill Fan, very little vegetation was still rooted on the inactive 1983 Fan, and
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vegetation was knocked down but remained rooted on the West Fan. The active 1983 and
1969 fans did not support substantial amounts of vegetation prior to the Taan event.
Vegetation loss on the Hoof Hill fan was estimated to be ~0.3 km2 based on analysis of
Landsat 8 multispectral data and ~0.28 km2 based on manual digitization of Worldview
and SfM datasets. Similar analysis of the 1983 fans revealed a combined ~0.3 km2 of
vegetation loss. The consistent resolution and accurate georeferencing of Landsat data
limited error during image classification. The 30 m resolution of the Landsat data,
however, resulted in mixed pixels and the ~0.02 km2 overestimation of vegetation loss as
compared to the estimate from Worldview vegetation maps. While the manual
digitization of the Worldview imagery was more precise, error in the Landsat method was
systematic and the high temporal resolution and global extent of the Landsat series makes
this analysis ideal for comparing with other locations and events where high resolution
data is unavailable.
The extent of vegetation loss observed in Taan Fiord was much greater than from
most tsunamis, and may be characteristic of the high velocity, shear stress, and
acceleration likely associated with extreme runup generated during the event. Images
documenting the devastation following the 1958 Lituya Bay landslide tsunami and the
2007 rockslide generated tsunamis in Aysen Fiord show scouring of vegetation similar to
Taan Fiord (Miller, 1960; Naranjo et al., 2009). In contrast, surveys of tsunamis with
lower runup consistently document vegetation loss that, while impressive, is typically not
systematic across large areas and generally leaves vegetation rooted (Gelfenbaum and
Jaffe, 2003; Tanaka et al., 2007; Paris et al., 2009; Sugawara et al., 2013). Proximal
runup during the Taan event exhibited high flow velocities and flow depths that exerted
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extreme force on the vegetation and likely explain the total loss in these areas. Lower
runup tsunamis do not appear to exert high enough stresses to completely uproot all
vegetation during inundation (Tanaka et al., 2007; Sugawara et al., 2013).
Fan Front
Prior to the Taan event, the Hoof Hill Fan had a generally gentle front that
transitioned into a delta at the waterline. Following the Taan event, the fan front was
straighter, having lost much of its convex extent out into the fiord. The northern portion
of the fan front had retreated up to 60 m in places (Figure 5). Approximately 0.024 km2
(6.5%) of the Hoof Hill Fan area was lost at the fan front. South Fan, the next closest to
the landslide, has been similarly straightened at the fan front (Figure 6) with a loss of
0.003 km2 (5%) of fan area (Table 2). The inactive 1983 Fan appears to have lost portions
of the fan below the high tide line and Landsat comparison shows that as much as 0.012
km2 of land area was lost from the inactive 1983 fan delta within the intertidal zone
(Table 2). Before the Taan event, a small vegetated island existed above high tide just
offshore of the abandoned 1983 Fan. During the summer 2016, the island was only
visible at extreme low tide about 10 to 15 m below high tide. A small fan directly
adjacent to the subaerial landslide also appears to have lost a significant portion of the toe
of the fan but was not extensively surveyed. In contrast, no significant change appears to
have occurred on the active 1983, 1969, and West fans farther from the landslide,
although rapid channel avulsion historically on the active 1983 and 1969 fans and very
shallow slopes make quantifying the fan area near the waterline difficult.
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Figure 5. Hoof Hill Fan Front. A) A Worldview image from 2014 showing the Hoof Hill Fan. The
red outlined area was lost following the 2015 Taan event. B) An aerial SfM Orthoimage from
2016 showing the Hoof Hill Fan. Again, the red outlined area was land lost following the 2015
Taan event. A conical hill interpreted as a far-reaching landslide block is visible at the Top of the
Image. C) A photo of the front of the Hoof Hill Fan from the water. The front of the fan has a
near vertical scarp up to 6 m high in places.
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Figure 6. South Fan Front. A) A Worldview image from 2014 showing the
South Fan. The red outlined area was lost following the 2015 Taan event.
B) An aerial SfM Orthoimage from 2016 showing the South Fan. Again, the
red outlined area was land lost following the 2015 Taan event. C) A photo
of the front of the South Fan from the water. The front of the fan has a
near vertical scarp up to 6 m high in places.

Table 2. Land Loss Statistics.

Fan
Hoof Hill Fan
South Fan
Active 1983 Fan
Abandoned 1983
Fan

World View/SfM
Fan Area Lost (m2)
23,868
3,258
-

Total Fan Area Lost
WV/SfM (%)
6.5
5.3
-

-

-

Landsat 8 Fan Area
Lost (m2)
37,800
11,700
19,800
11,700

In addition to lost area, portions of the Hoof Hill and South fans exhibit steep
escarpments where the fan meets the waterline. Topographic profiles of the fan fronts
revealed slopes up to ~14° on the Hoof Hill Fan and ~16° on the South Fan before the
Taan event and ~40° on the Hoof Hill Fan and ~38° on the South Fan after the event.
Height of the fan front scarp was up to 5.5 m on the Hoof Hill Fan and ~6.75 m on the
South Fan measured using the SfM DEM. A consistent measurement of 6.6 ± 1 m was
made using a laser range finder on the South Fan scarp (Figure 6). Scaled photos of the
Hoof Hill Fan were used to estimate a scarp height of ~5.5 m (Figure 5). Direct
difference maps also show a sharp decrease in elevation at the front of the Hoof Hill and
South fans (Figure 7).
Bathymetric surveys show sharp linear features perpendicular to the South Fan
front (Figure 8). These linear features are in line with edges of the fan front observed on
the South Fan. A similar feature was observed near the middle of the delta coincident
with the scarp on the Hoof Hill Fan (Figure 8). Both bathymetric data sets showed
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Figure 7. Direct Difference Maps. Direct Differencing of 2014 ArcticDEM and 2016 LiDAR data. Maps of the Hoof Hill, South, and 1983 fans show local changes in topography.
Green areas indicate higher elevation following the Taan event and red areas indicate lower elevation following the Taan event. Lower topography is visible near canyon
mouths on the Hoof Hill and South fans.
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Figure 8. Taan Fiord Bathymetry. Bathymetry of upper Taan Fiord following the Taan event. Errosive landslide
runout triggered delta and fan front failure on the Hoof Hill and South fans. Failure of the South Fan front is clearly
visible while the Hoof Hill delta is obscured by landslide material. Delta failure runout is covered by fine sediment
from the subaerial slide. Figure modified from McCall et al., 2016.

material likely sourced from the main subaerial landslide runout over the toes of the Hoof
Hill and South fan deltas. The observation of shoreline retreat is not isolated to the Taan
event. Post tsunami surveys following the 2004 Sumatra event showed over 120 m of
mean shoreline retreat on portions of the Sumatran coast (Paris et al., 2009; Ali and
Narayana, 2015). Scour of beach sand accounted for much of the land loss in Sumatra but
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sediment up to boulders in size were transported in places (Paris et al., 2009; Paris et al.,
2010; Scheucher and Vortisch, 2011). While shoreline retreat may be indicative of a
recent tsunami event, various mechanisms exist for inducing land loss and retreat. As a
result, the features are unlikely to be distinguishable from other coastal processes absent
additional contextual evidence of a tsunami.
The escarpments observed on the Hoof Hill and South fans, the two fans closest
to the landslide, could be interpreted as the result of two possible phenomena associated
with the Taan event: headward erosion during the tsunami, or most likely, submarine
delta front failures coincident with the initial subaerial landslide event. A clue to
differentiate between these causal mechanisms is a single large landslide block from the
subaerial slide that was deposited on the north end of the Hoof Hill Fan as the initial
wave swept over the fan (Figure 9). The continuation of the steep fan front past this
landslide block along fiord makes headward erosion an unlikely mechanism for the
incision. Retreating flow over and around the landslide block would likely have scoured
significantly around the block and would not have produced a scarp that is uniform with
the rest of the fan front on the downflow side of the block.
A submarine delta front failure likely created the escarpments. Sharp linear
features that align with the extent of the scarp on the South Fan in bathymetry bound an
apparent submarine failure that would have removed fan material and left a steep scarp at
the fan front (Figure 8). Similar failure on the Hoof Hill Fan is less clear but its proximity
to the highly erosive subaerial slide material obscures the outline of the failure (Figure 8).
The delta front failures could have been triggered by the highly erosive subaerial
landslide runout, which was observed, using geophysical data, 6 km down the fiord from
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Figure 9. Hoof Hill Fan Landslide Block. Photo of a conical hill on the Hoof Hill Fan. This is interpreted as a block of
landslide material that traveled across the fiord during the Taan Event. The conical hill sits on the fan above the
dashed white line. The front of the conical hill is incised in the same location as the steep fan front indicating
relative timing of fan incision.

where the landslide entered the water (McCall et al., 2016). Runout destabilized the fans
by undercutting the toes of the deltas. The delta failures themselves have no visible
runout in post-event bathymetry to verify this interpretation, but mixing with turbid
subaerial slide material during the Taan event and deposition of fine sediment in the days
following the event likely erased evidence of these deposits.
Similar delta failures to what we predict occurred at the Hoof Hill and South fans
have been observed on delta fronts around Prince William Sound, Alaska, following the
magnitude 9.2 Alaska Good Friday Earthquake in 1964, although these failures were
associated with earthquake shaking (Grantz et al., 1964; Haeussler et al., 2007; Haeussler
et al., 2014). Absent additional bathymetric context, steep fan fronts and delta failures
caused by landslide runout are likely indistinguishable from other mechanisms for
submarine failure. Furthermore, steep scarps have been identified on shorelines following
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low runup tsunamis as a direct result of supercritical tsunami withdrawal creating a
hydraulic jump (Gelfenbaum and Jaffe, 2003; Paris et al., 2009). The fan fronts on the
Hoof Hill and South fans are an extensive defined feature caused by the Taan event but,
because multiple processes form such features, the steep fan front serves as a poor
diagnostic for high runup tsunami events.
Local Changes in Topography
Significant land loss at some fan fronts suggested the possibility of systematic
gradient changes on the fans in Taan Fiord, however this did not turn out to be
significant. Profiles and direct differencing maps, however, did show a number of local
changes in topography (Figure 7) that were observed during field surveys. Up to 10 m of
elevation difference was observed locally on the Hoof Hill and South fans. The most
characteristic change was lower elevation observed near canyon openings on the Hoof
Hill and South fan likely a result of bedrock focusing of retreating flow. In contrast,
elevation appears to have increased at the mouth of the active 1983 fan due to deposition
of material. Smaller changes were observed on the other fans in Taan Fiord. Referencing
issues make precisely defining the change in elevation difficult and further steps could be
taken to resolve datum issues but, for the purpose of this work, an estimate of the
difference between data sets provides reasonable consistency with field observations of
thick deposits and scouring across the fans in Taan Fiord.
Local modification of topography is a ubiquitous observation following most
earthquake-generated tsunamis, but typically these changes are limited to erosional
retreat of pre-existing topography and scour channels through unconsolidated fine grain
dunes and beach ridges (Konno et al., 1961; Gelfenbaum and Jaffe, 2003; Scheffers and
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Kelletat, 2003; Paris et al., 2009; MacInnes et al., 2009b; Komatsu et al., 2014). Rooted
vegetation decelerates tsunami flow and inhibits scour and mobilization of sediment from
the land surface (Tanaka et al., 2007; Sugawara et al., 2013). This is comparable to
fluvial systems, where rooted vegetation stabilizes sediment during high flows but only
until the threshold for removal of rooted vegetation is met (Baker, 1977). The threshold
for complete removal of vegetation is rarely surpassed during lower runup tsunamis, with
the exception of near the shoreline (Umitsu et al., 2007; Paris et al., 2009; Scheucher and
Vortisch, 2011; Komatsu et al., 2014) so modification of the land surface is less spatially
extensive than in Taan Fiord (Tanaka et al., 2007; Sugawara et al., 2013). The stripping
of vegetation during high runup tsunami events, however, allows for easy mobilization of
sediment that drastically changes local topography particularly in areas of relatively
unconsolidated alluvial deposits like the fans of Taan Fiord.
Channels
With several notable exceptions, the fluvial channels on the fans in Taan Fiord
were completely overprinted by fresh channels in different locations (Figure 10). These
new channels generally did not connect to drainages past the limit of inundation and were
primarily scoured into freshly deposited tsunami sediment (MacInnes et al. 2017, in
prep). As such, the channels are interpreted as retreat channels carved by the final
retreating tsunami flow. Although the new channels appear straighter than the previous
fan network, normalized sinuosity calculations were insignificant (Figure 10). This
insignificance may be derived from methodology where, to normalize the measurements
for each fan, multiple channel segments and their straight-line lengths were added
together. This may have artificially decreased sinuosity values for the entire fan area. The
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Figure 10. Fan Channel Network Maps. Channel networks were statistically derived for each fan using 2014 Alaska DEM data and 2016 SfM DEM data. Few channels follow
preexisting topography following the Taan event.
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main channels on the Hoof Hill and South fans were the only pre-tsunami channels
remaining on fans proximal to the tsunami source following the Taan event. Prior to the
tsunami, vegetation suggested that the main channel on the Hoof Hill Fan had been
entrenched against bedrock in its present location for at least 20 years. Although both
channels were heavily modified during the event, they remain deeply entrenched.
Channels on the West Fan were also heavily modified but remained in their pre-event
location.
Earthquake-induced tsunamis typically modify pre-existing topography through
erosion (Gelfenbaum and Jaffe, 2003; Paris et al., 2009). Only two of the post-tsunami
retreat channels on the fans proximal to the tsunami source in Taan Fiord followed preexisting topography while the rest of the channels appeared to be scoured in new
locations. Nearly all of the surface sediment and pre-existing fluvial and debris flow
channels on the Hoof Hill, South, 1983 and 1969 fans were scoured away and much of
the sediment was redeposited across the fans by the tsunami. This being said, the three
primary forms of overland flow from seismically induced tsunamis (sheet, eddy, and
channelized flow) still appear comparable with tsunami flow on the low-lying fans in
Taan barring the possible exception of unique and highly localized interactions between
tsunami flow and steep bedrock topography. The difference between most documented
tsunamis and the Taan event is complete loss of supporting vegetation and extensive
highly mobile alluvium that, in combination, allowed for complete shifting of all surface
sediment and creation of new channel features within that sediment on proximal fan
deltas. The West Fan, much further from the tsunami source, retained rooted vegetation
that prevented the complete scour and redisposition of sediment.
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While the channel networks could serve as a diagnostic for high runup tsunamis
on fan deltas, they are difficult to distinguish from typical fluvial channel networks.
Without additional context, the channels could be mistaken for former small stream
channels on an active alluvial fan.
Preservation of Features
Surface expressions of vegetation loss, local changes in topography, and some
new channel networks are likely to be preserved on the stable fans in Taan Fiord for
decades to centuries. The most likely location for observing similar signatures of recent
but previously unidentified landslide tsunami events is poorly monitored glacial regions
like Greenland. Fan deltas outside of the glacial environment may also hold evidence of
past unknown high runup tsunami events. Looking for evidence of landslide tsunamis in
the geologic record, for example from the last major deglaciation, would provide a
glimpse into the future implications of slope failure in the glacial environment.
Unfortunately, burial and modification over multiple centuries will obscure the features
observed from the Taan event making them unlikely to be preserved on such long
timescales. This being said, each surface expression observed in Taan Fiord has its own
preservation potential.
Over decadal timescales, the contrast in vegetation age between regrowth and preevent vegetation beyond the limit of inundation will remain an indication of the Taan
event. Relative age of vegetation has been used to record and date five large landslide
tsunamis in Lituya Bay, Alaska the last of which occurred in 1958 (Miller, 1960; Mader
and Gittings, 2002; Weiss et al., 2009). Vegetation regrowth in Taan could serve as a
similar monument to the Taan event but, after many centuries, relative vegetation
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differences will become less obvious.
The fan front scarps are unlikely to be lasting markers of the tsunami. Slope
degradation of fault scarps on alluvial fans has been modeled to determine fan age
(Bucknam and Anderson, 1979; Mayer, 1984; Pierce and Colman, 1987; Hsu and
Pelletier, 2004; Spelz et al., 2008). These studies generally focus on arid alluvial fans and
the proximity of the fan fronts to the water in Taan Fiord likely dramatically increases
erosion rate due to wave interactions. Wave cut bluffs underlain by sandy material eroded
at a rate of up to 12×10−3 m2/yr eventually reaching the angle of repose (Nash, 1986) but
it is difficult to estimate a rate of alluvial degradation in such an environment.
Local topographic changes can be preserved on Taan Fiord’s inactive fans (eg.
Hoof Hill and inactive southern 1983 fans) but is unlikely on the active fans (eg. South,
1983, and 1969 fans). Fluvial processes and extensive channel avulsion are already
removing evidence of the tsunami on the unvegetated low gradient 1983 and 1969 fans.
Preservation potential of local changes in topography is highest on the Hoof Hill Fan.
The main channel on the fan directs nearly all upstream flow and remained heavily
entrenched post-tsunami. The basin also lacks significant available upstream sediment
(Meigs et al., 2006) and the steep delta front creates a sediment sink at the toe of the fan
limiting the ability of the fan to aggrade due to normal fluvial or debris flow processes.
While vegetation growth will undoubtedly obscure subtle features from the landslide
tsunami like local changes in topography and tsunami retreat channels technologies like
lidar make it possible to look past the canopy in the future.
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CONCLUSIONS
Four characteristic geomorphic modifications from the Taan landslide and
tsunami were observed on the fan deltas in Taan Fiord including total vegetation loss, a
steep fan front on the Hoof Hill and South fans, extensive local changes in topography,
and the creation of new tsunami retreat channels. Total vegetation loss occurred on
proximal fans to the landslide, echoing the complete devastation of vegetation seen in
large landslide tsunami events elsewhere. However, observations of low runup tsunamis
report far less extensive vegetation loss and typically, vegetation remains rooted slowing
tsunami flow and stabilizing the ground surface.
Land loss and fan front scarps observed on the Hoof Hill and South fans were
likely the result of submarine delta failures caused by erosional landslide runout rather
than the tsunami itself. Multiple mechanisms exist for land loss and the formation of
steep scarps on fans so these features do not serve as a definitive indicator of the events
that produced them.
Local changes in fan topography and new tsunami channels were observed on all
the large fans in Taan Fiord with the exception of the distant West Fan that retained
rooted vegetation. These features were the result of a complete mobilization and
deposition of sediment on the fans during the Taan event and appear to be unique to the
deep and high velocity tsunami flow. Previous studies of lower runup tsunami events
record slight topographic modification and some vegetation loss but complete removal of
vegetation and extensive unconsolidated alluvium on the fans in Taan Fiord resulted in
near systematic surface alteration.

32

Stable and relatively low topography areas like the Hoof Hill Fan have the most
promise for preserving decadal evidence of tsunami signatures in Taan Fiord and other
locations. Several large fan deltas, similar to those in the Taan Fiord, exist on the
southern flank of the main fiord in Lituya Bay; based on the apparent uniform age of
vegetation on these fans we predict that tsunami retreat channels resembling those
observed on the Hoof Hill Fan may be obscured beneath the vegetation and serve as a
unique indicator of the events that occurred there. While it is unlikely that fans will
preserve these features on a geological time scale or even a centuries long scale, poorly
monitored regions like Greenland may have more recently experienced previously
unidentified high runup tsunami events and warrant further investigation.
With fiords becoming increasingly desirable destinations for tourism and
exploration, the identification of high runup tsunami hazards becomes more critical.
Vegetation density will serve as a centuries-long indicator of a large tsunami event and
we can use remote sensing technologies to determine canopy density. Tsunami retreat
channels will be preserved on stable fans and we can use lidar to peer through vegetation
at fan surfaces. While distinguishing subtle features from past events may be a
challenging endeavor, fan deltas, which provide a unique environment for up to a century
of preservation, and the features observed in Taan Fiord provide a necessary springboard
for identification of high runup tsunami signatures around the globe.
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CHAPTER IV
CONCLUSIONS

Four geomorphic modifications from the Taan landslide and tsunami were
identified, including vegetation loss, a steep fan front on the Hoof Hill and South fans,
local changes in topography, and creation of tsunami retreat channels. Complete
vegetation loss occurred proximal to the landslide in contrast to lower runup tsunamis
that reported less extensive vegetation loss.
Land loss and fan front scarps on the Hoof Hill and South fans are likely the result
of delta failures caused by erosional landslide runout from the October 2015 landslide in
Taan Fiord. There are numerous mechanisms for scarp formation and land loss, so the fan
fronts are not definitive evidence of a tsunami event
Local changes in fan topography and new tsunami channels were observed in
Taan Fiord due to complete mobilization and deposition of sediment on the fans during
the tsunami. Post tsunami surveys of lower runup events with less vegetation loss show
less substantial surface modification. The unconsolidated alluvium on fan deltas further
allowed for extensive modification.
If the fans in Taan Fiord remain stable, they will provide a good setting for
preserving evidence of tsunamis for decades to centuries. Poorly monitored glacial
regions, like Greenland, most likely hold evidence of previously unrecognized events
and, with fiords becoming increasingly popular destinations for tourism and exploration,
the identification of high runup tsunami recurrence is critical.
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